tive abnormalities of VWF. In types 2A and 2B there is a deficit of HMW multimers, with, in type 2B, an increased affinity for platelet GPIb. Type 2M corresponds to the variants with decreased platelet function but with normal multimers. Type 2N refers to variants with a decreased affinity of VWF for FVIII. 1 The clinical expression of VWD is as variable as its pathogenesis. Type I VWD is usually mild whereas types 2 and 3 are more severe.
Mucocutaneous bleeding (epistaxis, menorrhagia) is typical of the disease. The severity of the clinical manifestation is not always correlated with the degree of reduction of VWF:RCo, or with the genetic type, because it can be very different within the same family. Indeed, bleeding may be absent even in type 3 VWD patients and prophylaxis may be required in some type 1 VWD patients. 2, 3 The thrombin generation test (TGT) is a global assay of hemostasis, whose results reflect the overall functional state of the clotting system. It renders the thrombin generation curve (TGC) that has several parameters, the most important of which are the lagtime, the peak, the ascending slope and the area under the curve (endogenous thrombin potential, ETP) ( Figure  1 ). Al Dieri et al. 4 showed a correlation between the parameters of the TGT and clinical expression of disease in patients with congenital deficiencies of factors II, V, X and XI. Chantarangkul et al. 5 showed a significant correlation between ETP and log-transformed FVIII in a limited series of patients with hemophilia A.
Recently, our group showed a significant correlation between plasma FVIII/FIX levels and ETP, peak and time to peak. In addition, independently of the FVIII/FIX plasma level, a correlation was found between severe clinical bleeding phenotype and ETP. 6 We, therefore, surmised that, although the deficient factor may be rate-limiting in the thrombin generating system, the actual amount of thrombin formed -and therefore the clinical manifestation -could be dependent upon the spectrum of the other clotting factors. We, therefore, investigated whether the measurement of thrombin-generating capacity could contribute to the understanding of the heterogeneity of the clinical expression of VWD.
The aim of the present study was to assess the potential role of the TGT in the diagnosis and management of patients presenting with VWF deficiency and to determine whether the TGT, in combination with routine coagulation tests, could be used as an indicator of bleeding phenotype. To this end we measured thrombin generation in plateletrich and platelet-poor plasma from 53 patients with VWD.
Design and Methods

Patients
Fifty-six consecutive patients with VWD (mean age±SD=35.4±15.4 years old) visiting the Lyon Comprehensive Hemophilia Care Center from January 2005 to October 2006 were included in the study. The institutional review board approved the study and each patient provided informed consent. Two patients with plasma levels of VWF corrected by infection and another with associated FXI deficiency were excluded. There were 17 males and 36 females; 28 patients had O blood group and 25 other blood groups. VWD was diagnosed and classified according to the clinical and biological criteria recently published by the ISTH Working party on VWD. 1, 7 According to these criteria, there were 28 patients with VWD type 1. Of these 28 patients, 27 had normal multimers and one patient who did not undergo multimeric analysis, had a VWF:RCo/VWF:Ag ratio above 0.7. Two patients had type 3 VWD without multimers. Finally, 23 patients had qualitative defects of VWF. Among these patients, nine were diagnosed as having VWD type 2A, because they had significantly decreased HMW multimers. Eigtht patients were diagnosed as having VWD type 2B, because they had abnormal ristocetin-induced platelet agglutination (RIPA) with hyperresponssiveness to low concentrations of ristocetin (≤0.6 mg/mL) associated with an abnormal multimeric profile. Two patients had VWD type 2N with a markedly reduced capacity of binding for FVIII. Three patients had a combined VWD type 2A+2N, characterized by a reduced binding capacity to FVIII associated with decreased HMW multimers. Finally, one patient was diagnosed as having VWD type 2M with a VWF:RCo/VWF:Ag ratio < 0.4 and normal multimers. The phenotypic data of the patients are summarized in Table 1 . A quantitative bleeding score recently published for use in type 1 VWD was used to assess the severity of bleeding in each patient. 8 The control group comprised 100 healthy volunteer blood donors between 29 and 53 years of age (mean ± SD=42.7±12 year old). There were 56 males and 44 females without a personal history of abnormal bleeding and who were not using drugs known to affect the coagulation system. Among the control group, 49 individuals had O blood group, 50 had other blood groups, and the blood type could not be determined in one control subject. We also studied 21 adult patients with mild hemophilia A who had plasma FVIII concentrations between 9-44 IU/dL.
Blood, platelet-poor plasma and platelet-rich plasma
Peripheral venous blood was collected into Vacutainer tubes (Becton Dickinson, Meylan, France) containing 0.129 mol/L trisodium citrate (1:9, v:v) . Following a double centrifugation at 2500×g for 15 min at room temperature, platelet-poor plasma (PPP) was collected from the upper half of the plasma supernatant, quick frozen and stored at -80°C. An ADVIA 120 counter (Bayer Diagnostics, NY, USA) was used to check that the PPP did not contain platelets or leukocytes. Platelet-rich plasma (PRP) was obtained by centrifugation at 150×g for 10 minutes at room temperature, with collection from the upper half of the PRP fraction. The platelet count was systematically adjusted to 150×10 9 /L with autologous plasma. PPP and PRP were always prepared within 30 min after venipuncture and thrombin generation was immediately measured in fresh PRP. In order to minimize contact activation, polypropylene tubes and pipette tips were used throughout.
Phenotypic and coagulation studies
Routine diagnostic tests were carried out on PPP stored at -80°C. Plasma FVIII coagulant activity (FVIII:C) (normal range = 50-150 IU/dL) was measured by a one-stage clotting assay using a Biomérieux-deficient FVIII kit (Biomérieux, Marcy l'Etoile, France) on an MDA II instrument (Biomérieux). VWF:RCo (normal range = 50-150 IU/dL for patients with non O blood group and 40-150 IU/dL for those with O blood group) and VWF antigen (normal range = 50-150 IU/dL) were measured using BC VWF and VWF AG reagents, respectively (Dade Behring, Marburg, Germany) in a BCS Coagulation Analyzer (Dade Behring). Collagen binding capacity (VWF:CB) was measured using the enzyme-linked immunosorbent assay (ELISA) method previously described by Favoloro et al. 9 RIPA was measured by mixing, in an aggregometer (Chronolog Corporation, Kordia Life Science, The Netherlands), different concentrations of ristocetin (Diagnostica Stago, France) and PRP of patients. Aggregation at ≤0.6 mg/mL was one of the diagnosis criteria for VWD type 2B. The multimeric structure of plasma VWF was analyzed by electrophoresis with 0.1% sodium dodecyl sulfate and 1.5% agarose gel. 10 The capacity of plasma VWF to bind FVIII (VWF:FVIIIB) was measured as described previously by Caron et al.
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Plasma fibrinogen, prothrombin and antithrombin levels were systematically measured in all patients. Prothrombin was measured using a one-stage assay with a deficient plasma kit (STA deficient II, Diagnostica Stago) (normal range = 50-150 IU/dL). Antithrombin activity was determined using a commercial Biophen Antithrombin 5 kit (Hyphen Biomed, Andrésy, France) (normal range=80-120 IU/dL). Plasma fibrinogen concentration was measured using a Fibriquick kit (Biomérieux) based on Clauss's method (normal range=1.8-4 g/L). Plasma FXI activity was determined using a deficient plasma kit (Dade Behring) (normal range = 40-120 IU/dL).
Reagents for the thrombin generation test
Recombinant human tissue factor (Innovin ® ) was obtained from Dade Behring and used at a final concentration of 0.5 pM in PRP and 1 pM in PPP samples. Tissue factor concentration was determined using the Actichrome ® TF activity assay (American Diagnostica Inc., Greenwich, CT, USA). The phospholipid vesicles used at a final concentration of 4 µM, were obtained from Avanti Polar Lipids (Alabaster, Alabama, USA) and consisted of 20 mol% phosphatidylserine (PS), 20 mol% phosphatidylethanolamine (PE) and 60 mol% phosphatidylcholine (PC) and were prepared by the extrusion method. 
Calibrated automated measurement of thrombin generation
Thrombin generation was measured according to the method described by Hemker et al. 14 The essential feature of this method is that calibration is done in a parallel sample of the same plasma as that under investigation, thus avoiding errors due to plasma color, substrate consumption, etc. A Fluoroscan Ascent The most important parameters that can be derived from calibrated automated measurement of thrombin generation (CAT) are the lag time, endogenous thrombin potential (corresponding to the area under the CAT curve), peak height of thrombin (corresponding to the maximal amount of thrombin that can be generated by the plasma sample during the thrombin burst) and time to peak (representing the time course of the thrombin generation curve up to the formation of maximal thrombin peak height). It depends upon the lag time and the slope of the thrombin generation curve. In this study, we precisely calculated the slope of the thrombin generation curve, representing the speed of thrombin generation, using the following formula:
slope = thrombin peak (nM)/ [time to peak (min)-lag time (min)]
Data analysis
Statistical analyses were performed using Graph Pad Instat 3.0 software (San Diego, CA, USA). Spearman's test was applied for correlation analyses. Results from study groups were compared using Student-t or Mann-Whitney tests. A p value of ≤0.05 was considered statistically significant. Odds ratios (OR) were used to estimate relative risks. Binary logistic regression (program written by JC Pezzullo & KM Sullivan version 05.07.20) was applied to estimate the OR.
Results
Thrombin generation capacity in individuals with VWF deficiency
Thrombin generation was measured in PPP and PRP from 53 patients with VWD. The control group comprised 100 healthy adults. The mean value of TGT results are summarized in Table 2 . Prothrombin and antithrombin levels were in the normal range in all patients and controls (normal range = 80-120%). The TGT lag time, peak, time to peak and slope were abnormal in PPP and PRP from patients with VWD. Thrombin generation was significantly decreased and delayed in these patients in comparison with the control group (Figure 2 
Relationship between clinical bleeding phenotype and thrombin generation peak
We assessed the clinical bleeding phenotype in 53 patients with VWD according to the criteria published by the ISTH. 2, 8 We studied the relationship between low thrombin generation peak values and severe bleeding risk using binary logistic regression (1=low peak, 0=normal peak and 1=severe bleeding phenotype, 0=mild bleeding phenotype). The bleeding phenotype was determined using the clinical score recently published by Tosetto et al. 8 This clinical score was retrospectively validated in a multicenter European study in a large number of patients with VWD, their affected and unaffected family members and controls. According to the results of this study, in 195 controls with an available bleeding history, only one female control had a bleeding score of 4, while all the remaining control subjects had a bleeding score lower than 4 with a median score of -1. The family members of VWD patients had a bleeding score higher than control subjects (median score=4) and index cases had the highest bleeding score results (median score=9). In our study, we therefore used a bleeding score ≥5 to indicate a significant risk of bleeding. In our study, 29 patients had a significant bleeding phenotype (score ≥5) whereas 24 had a mild bleeding phenotype (score <5). The normal range (mean±2SD) of the thrombin peak was determined in 100 healthy controls with no personal history of bleeding or thrombosis. A thrombin peak was considered abnormally low if it was below 188.5 nM in PPP and below 55.5 nM in PRP (mean±2SD for peak values obtained in 100 healthy subjects). The results of the binary logistic regression showed that patients whose PRP showed a low thrombin peak had a statistically significant high risk of bleeding (OR=14.5; 95% CI=5-41.3). A similar bleeding risk was also associated with a low thrombin peak in PPP samples (OR=8.71; 95% CI = 3.4-22.3). These results obtained in the first large series of VWD patients are highly relevant in terms of predicting individual bleeding risk. The mean FVIII:C levels were 48.7±21.4 IU/dL in the group of patients with a bleeding score <5 and 50.4±28 IU/dL in the group with a bleeding score ≥5.
Effect of VWF and FVIII on thrombin generation in patients with VWD
We studied the individual role of VWF and FVIII in the thrombin generation reaction and investigated whether or not the two coagulation factors had similar impacts on the capacity to generate thrombin. In the group of patients with VWD type 2, we compared thrombin peak and slope in patients with low plasma FVIII:C (<50 IU/dL) (n=14) and in those with normal FVIII:C (50 to 140 IU/dl) (n=9). In PPP, we observed a significantly decreased peak (Mann Whitney test, p=0.005) and slope in the group with FVIII:C <50%, whereas the thrombin generation peak was in the normal range in the majority of VWD patients with FVIII>50 IU/dL (Figure 3) . In PRP there was no significant difference between the two groups. In addition, we compared the thrombin peak values obtained in 23 patients with VWD type 2 with those measured in 21 mild hemophiliacs with similar plasma FVIII:C (FVIII:C= 5-50%). According to our results in VWD described above, the thrombin peak in PPP was below the normal range (335±73.25 nM; mean±2SD) in all the hemophiliacs (FVIII<50 IU/dL) ( Figure 3 ). We also evaluated the effect of reconstituting in vitro FVIII and VWF levels in two patients with type 3 VWD who had undetectable plasma VWF:RCo and FVIII <5 IU/dL. Thrombin generation curves were obtained in PPP and PRP samples spiked in vitro with VWF or with recombinant FVIII (rFVIII, Helixate ® ) corresponding to 25-50-100 IU/dL. In PRP and PPP, we observed that rFVIII clearly had a higher capacity of correcting thrombin generation parameters than had VWF (Figure 4) . Moreover, after adding rFVIII 100 IU/dL to a PRP sample from a patient with VWD type 3, we spiked the same plasma sample with VWF 25 and 100 IU/dL, in order to investigate whether VWF had an additional role in thrombin generation in the presence of a normal plasma FVIII concentration ( Figure 5A ). Thrombin generation was similar before and after addition of VWF, since no significant additional effect of VWF on either the thrombin peak or speed of generation was observed. Conversely, we did the same experiment with 25 and 100 IU/dL of rFVIII added to a PRP sample from a patient with VWD type 3 in the presence of VWF 100 IU/dL ( Figure 5B ). In these conditions, thrombin generation dose-dependently increased in the presence of rFVIII 25 and 100 IU/dL. These results demonstrate that thrombin generation measured by CAT is mainly dependent on plasma FVIII activity. Since FVIII plays a crucial role in thrombin generation in patients with VWD, we compared the thrombin generating capacity of the two patients with VWD type 3 (VWF:Ag/Rco =0 and FVIII=5 IU/dL) with that of two patients with moderate hemophilia A (FVIII:C=6 IU/dL). The mean thrombin peak (25 vs 30 nM) and slope (2.7 vs 2.6 nM/min) values were similar in the two groups. We also compared two patients with VWD type 2 N with two mild hemophilcs (FVIII:C=15 IU/dL). We found comparable results for mean thrombin peak (101 vs 124 nM) and slope (22 vs 24 nM/min) in the two groups. Finally, ex vivo thrombin generation was measured in a patient with VWD type 3 before and after the infusion of a therapeutic dose of VWF 50 IU/kg (Wilfactin C o n t r o l P R P W i l l e b r a n d P R P W i l l e b r a n d C o n t r o l P P P C o n t r o l P R P W i l l e b r a n d P R P W i l l e b r a n d P P P C o n t r o l P P P Courtaboeuf, France). Plasma VWF:RCo, FVIII:C and thrombin peak were measured before and 30 min, 1h, 3h, 6h and 24h after the injection of VWF concentrate. Thirty minutes after the injection, VWF:RCo was in the normal range, and then decreased, while plasma FVIII levels increased progressively throughout the 24 hours following the injection of the VWF concentrate. The kinetics of thrombin-generating capacity paralleled the increase in plasma FVIII. These ex vivo results confirmed our in vitro data showing that thrombin generation in patients with VWD was mainly dependent on plasma FVIII concentration ( Figure 6 ).
Discussion
VWF contributes to thrombus formation through two main mechanisms. It associates with plasma FVIII, preventing the inactivation and clearance of this factor from plasma, and also mediates the adhesion of platelets to the site of vascular injury. 15 It has also been shown that VWF stimulates thrombin generation in PRP in a fibrin-dependent manner. 16 VWF deficiency is the most common inherited bleeding disorder. 17 In general, the clinical bleeding phenotype correlates with plasma VWF and FVIII concentrations and is usually milder in type 1 VWD than in types 2 and 3. However, there is no clear cut-off between a normal and a pathological level of plasma VWF concentration corresponding to the level of risk of a clinical bleeding event. 18 In addition, it is well known from clinical experience that some patients with similar degrees of VWF deficiency may exhibit variable bleeding phenotypes. 19 Thus, the levels of plasma VWF, FVIII activity and antigen do not predict the individual bleeding risk. In this study, in order to mimic physiological conditions, we measured thrombin generation using a low concentration of tissue factor (TF=1 pM in PPP and 0.5 pM in PRP) and demonstrated that thrombin generation was greatly decreased and delayed in both PPP and PRP from VWD patients. There are very limited and contradictory data on thrombin generation capacity in VWD patients. Quiroga et al. 20 found a significant correlation only between ETP and FVIII:C in plasma of VWD patients but they did not show a correlation between VWF and thrombin generation. In the same study they found no significant difference in thrombin generation, in terms of ETP, in PPP, between VWD patients and controls. In our study, we used thrombin peak height instead of ETP and found a highly significant difference between VWD and controls. It has been shown that at the end of the thrombin generation reaction 5-12% of the original prothrombin remains. 21 This suggests that a low thrombin peak, even at normal ETP, can be related to clinical bleeding. It was recently shown by Kyrle et al. 22 that a high thrombin peak is associated with a thrombotic tendency. This highlights that the ETP is not the only important parameter of the thrombogram.
Keularts et al. 23 showed a concentration-effect relation between VWF and the ETP measured in PRP from VWD patients. They reported that thrombin generation was decreased in PRP from two patients with moderate VWF deficiency, whereas it was normal in their PPP. Our results in PRP and PPP from VWD type 3 patients spiked with VWF and factor VIII alone and in combination confirm the decreased thrombin generation but not the additional effect of VWF in the presence of fibrin and platelets. This discrepancy could be explained by several differences between the thrombin generation methods employed. In the first place Keularts et al. used a subsampling method in stirred plasma i.e. at a low shear rate, whereas in the CAT method there is no stress at all. This is a major difference, because the role of VWF in the thrombin-induced procoagulant response of platelets requires at least a minimal shear, as shown by Briedé et al. 24 Dörmann et al., 25 measuring thrombin generation on gel-filtered platelets in a system without shear stress, showed that VWF binding to GPIb was not essential to initiate platelet procoagulant activity. In the second place contact activation in the subsampling method is probably higher than in the automated method used in this study.
Our current results suggest that decreased and delayed thrombin generation in VWD can probably be mainly attributed to a decreased plasma FVIII level in patients with this disorder. This also follows from our observation that in VWD type 2 patients (9 with FVIII:C> 50 IU/dL and 14 with FVIII:C< 50 IU/dL) thrombin generation was significantly higher (p=0.005) in those with a normal plasma FVIII concentration (Figure 3 ). These data are also in accordance with our results obtained in patients with mild hemophilia. The individual role of VWF and FVIII in bleeds in patients with VWD is a still pending question so that the pathophysiology of bleeding in VWD remains unclear. Our in vitro and ex vivo results clearly showed that thrombin generation was mainly dependent on FVIII activity and VWF probably did not have a major role in the thrombin-generating capacity in PRP and PPP. Béguin et al. 16 previously showed that the addition of sufficient rFVIII significantly improved thrombin generation. However, the same authors, having added very low concentrations (2.5% of normal) of exogenous rFVIII or using normal PPP containing both FVIII and VWF, concluded that PPP had a better capacity to restore thrombin generation. In our study, the addition of either rFVIII or VWF to plasma samples allowed a more accurate evaluation of the impact of each component on thrombin generation. Conversely, the addition of VWF to a plasma sample spiked with rFVIII 100 IU/dL did not increase thrombin generation in either PRP or PPP. As discussed above, there are essential differences between the subsampling test used by Béguin et al. and the CAT test used in our study. Furthermore, our spiking experiments were conducted in type 3 patients, which has the advantage of detecting allor-none effects, but would be worth repeating in a larger series, with more concentrations and with and without shear stress. In brief, the relationship between VWF/FVIII levels and bleeding has not been clearly established.
The question of how to predict bleeding risk from laboratory data still remains unanswered. It is unknown which genetic and laboratory data might be useful for predicting the individual bleeding risk in VWD patients. It is also unknown whether the presence of some bleed- ing symptoms may predict the occurrence of hemorrhages in surgical or trauma situations. Our group and others have previously shown that the thrombin generation test could be useful in the assessment of the individual bleeding risk in patients with hemophilia 6, 26 and thrombophilia. 22, 27 The results of the present study suggest that VWD patients with a low thrombin peak value (<55.5 nM in PRP or <188.5 pM in PPP) might have a higher risk of clinical bleeding. Our results also show a predominant role of FVIII in thrombin generating capacity of VWD. However, the thrombin generation test reflects only a part of the functions of VWF and in order to obtain a complete eval-
